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Abstract 
  Possible upgrade scenarios for the Large Hadron  
Collider (LHC) comprise the operation with either 
uniform (hollow) bunches or  long super-bunches. We 
discuss the respective merits of these approaches with 
regard to beam-beam effects, electron cloud, and 
luminosity.  Next, we compare the usual scheme of 
alternating collisions in the horizontal and vertical plane 
at two interaction points with that of inclined hybrid 
collisions at 45o and 135o.  We then study the longitudinal 
dynamics for a barrier bucket rf system, including the 
effect of synchrotron radiation, and, finally, discuss the 
intrabeam scattering for both Gaussian and uniform 
bunches (or super-bunches). 
1 INTRODUCTION 
The CERN ISR was the first hadron collider. Colliding 
coasting (unbunched) proton beams with currents of  up 
to 50 A, it reached a peak luminosity of 2.2x1032cm-2s-1, 
which has not yet been achieved by any other hadron 
collider. Recent attention has focused on reviving part of  
the ISR scheme for future highest-energy high-luminosity 
proton colliders [1]. In particular, a possible upgrade of 
the Large Hadron Collider (LHC) [2] can be considered, 
by operating not exactly with coasting beams, but with 
long super-bunches, which are confined, e.g., by a barrier 
bucket rf system [1].   The basic scheme of such a super-
bunch hadron collider [1] is illustrated in Fig. 1.  
 
Figure 1: Schematic of super-bunches in a high-
luminosity collider [1], with alternating crossing either in 
the ‘x/y’ or  in the 45 o /135o ‘inclined hybrid’ planes. 
 
The beams are not spread out continuously around the 
ring in order to limit the total current (relevant for heat 
load due to synchrotron radiation, for beam removal and 
for machine protection) and to ease the acceleration.  
The main advantages of the long bunches are the same as 
for coasting beams, in particular, (i) a cancellation 
between head-on and ‘long-range’ components of the 
beam-beam tune shift [3], which is realized by colliding 
the beams at two interaction points with alternating planes 
of crossing, either horizontal and vertical, respectively, or 
at an angle of 45o and 135o, representing the ‘inclined’ 
hybrid crossing,  (ii) the absence of the PACMAN 
bunches at the end of a bunch train, which encounter an 
irregular number of long-range collisions and could 
exhibit a reduced beam lifetime and enhanced emittance  
growth, and (iii) the possibility of avoiding beam-induced 
multipacting and electron-cloud build up, an effect which 
imposes severe constraints for bunched beams with close 
spacing. Possible disadvantages are the enhanced 
radiation damage of the detector [4], an unavoidable side 
effect of the increased luminosity, and the higher rate of 
reactions during the bunch crossing [5], both of which 
pose new challenges to the detector design. 
 
Figure 2: Relative increase in LHC luminosity vs. rms 
bunch length (or crossing angle), maintaining a constant 
beam-beam tune shift with alternating crossing; 
parameters: θ









Analytical calculations suggest that the luminosity of a 
conventional hadron collider operating with round 
bunched Gaussian beams can be increased in proportion 
to the bunch current, while keeping a constant beam-beam 
tune shift, by enlarging the product of bunch length  and 
crossing angle [6]. A large Piwinski parameter 
α=σ
z
θ/(2σ∗) is implied, where σ
z
 is the rms bunch length, 
θ the full crossing angle, and σ* the rms transverse beam 
size at the interaction point (IP). This scheme was 
identified as another option for increasing the luminosity 
of the Large Hadron Collider (LHC) in a future upgrade 
[2], constituting an alternative to, or variant of, the super-
bunch concept. An example calculation, illustrating the 
potential gain in luminosity is shown in Fig. 2.  An 
intermediate scenario, combining some features of the 
super-bunches and the ‘long’ Gaussian bunches, would be 
the collision of many uniform or ‘hollow’ bunches. 
 
Table 1: Nominal and ultimate LHC parameters compared 
with those for two hypothetical LHC upgrades based on 
either large Piwinski parameter or super-bunches [2]. The 
normalized transverse (1σ) emittance is 3.75 µm, and the 
beam energy 7 TeV, for all the cases shown. 
Parameters Nominal Ultimate Upgrades 




 [cm] 7.7 7.7 7.7 7500 
Energy spread 
σδ [10-4] 1.1 1.1 1.1 5.8 
Beta star β*  
[m] 0.5 0.5 0.25 0.25 
Crossing angle 
 [µrad] 300 300 466 1000 
Beam current  
[A] 0.56 0.86 1.32 1.0 
Luminosity  
[1034cm-2s-1] 1 2.3 7.3 9.0 
σδ IBS growth 
time τIBS  [h] 
134 86 56 1712 
 
Table 1 lists various sets of LHC parameters for 
illustration [2]. The two columns on the left-hand side 
contain the nominal and ultimate design parameters, the 
two columns on the right tentative numbers for a 
luminosity upgrade [2]. The first of these two upgrade 
scenarios keeps the same number of bunches (2808), but 
further increases the charge per bunch and the crossing 
angle, which corresponds to a significant increase of the 
Piwinski parameter. The second upgrade scenario 
assumes operation with a single super-bunch of 75 m rms 
length, i.e., a total length of 260 m (or alternatively 10 
super-bunches of 7.5 m rms length each). The luminosity 
gain in either case is close to a factor of ten over the 
nominal luminosity. The total current for the super-bunch 
is about 30% lower, while the luminosity is about 30% 
higher. In the option presently considered for the LHC 
upgrade [2], individual nominal LHC bunches would be 
merged at top energy, i.e., at 7 TeV, into one or several 
super-bunches, which are confined either by a lower-
harmonic rf system or by a barrier rf system. Due to 
conservation of longitudinal emittance and the larger 
average line density inside the bunch, the rms momentum 
spread increases by a factor of 5, as indicated in Table 1. 
In this report, we study several issues related to hadron 
colliders operating with super-bunches, conventional 
Gaussian bunches, and flat bunches, and consider their 
respective merits. In the following section, we derive 
simplified formulae for the beam-beam tune shift and the 
luminosity of Gaussian bunches and flat (super-) bunches. 
Primarily by means of simulation, in Section 3 we then 
compare the effects of crossing the two beams either 
horizontally and vertically, or in the two inclined planes, 
both for the collisions of long super-bunches and for the 
long-range collisions experienced by closely spaced short 
Gaussian bunches. The relative stability of the particle 
motion is inferred from tune footprints, amplitude 
diffusion, and tune diffusion. We highlight unresolved 
questions, such as the impact and correction of linear 
coupling induced by the inclined collisions. In Section 4, 
we address the electron-cloud build up for different bunch 
structures and the resulting impact on beam stability, and, 
in Section 5, we discuss the longitudinal dynamics in a 
barrier rf system, taking into account the energy loss from 
synchrotron radiation. The intrabeam scattering growth 
rates for flat super-bunches and Gaussian beams are 
compared in Section 6. The results are summarized and 
some conclusions are drawn in Section 7. 
 
2 BEAM-BEAM TUNE SHIFT AND 
LUMINOSITY FOR GAUSSIAN AND 
FLAT (SUPER) BUNCHES 
The total tune shift for two interaction points with 
alternating crossings of round Gaussian proton beams is 
the same whether the crossing planes are horizontal and 
vertical, or inclined at angles of 45o and 135o, respectively.  
It is [6] 





where λ denotes the proton line density, θ the full 
crossing angle, r0 the classical proton radius, γ the 
relativistic Lorentz factor, β* the IP beta function, and σ 
the rms transverse (horizontal or vertical) beam size 
which depends on the longitudinal position s. Assuming 
that there are no focusing elements in the immediate 
vicinity of the IP, we take 22 */1* βσσ s+= . Also the 



















































































































































































applies to both horizontal/vertical and to inclined 
alternating crossing. Further assuming (i) that the crossing 
angle is small, i.e., θ<<1,  (ii)  that the transverse IP beam 
size is much smaller than the rms bunch length and the 
latter less than the IP beta function, i.e., σ∗ <<σ
z
<<β,  so 
that the hourglass effect is negligible,  but (iii) that the 
half crossing angle is larger than the bunch diagonal 
angle, i.e., θσ
z
 /(2σ∗)>>1, whence the geometric 
luminosity reduction due to the crossing angle is 






λ denotes the peak line density.  Under the same 





coll is the bunch collision frequency. Equations (4) 












normalized emittance. Similarly 
simplified expressions can be derived for long super-
bunches. We assume again that θ<<1. In this case, we 
impose the additional two conditions θ>> *)/(γβεn , i.e., 
the crossing angle should be larger than the rms beam 
divergence, and the total bunch length should be larger 
than the effective extent of the interaction 
θσ /*10flat >>l . Then, Eq. (2), or the equivalent Eq. (18) 








Under the above assumptions, the expression for the 
luminosity of super-bunches, Eq. (32) in [2], simplifies to 
 
 
Here ldet is the sensitive size 
of the detector
, 
which, as the bunch length, is assumed to 
be large compared with the effective length of the 
interaction, i.e.,  θσ /*10det >>l . 
As for the case of Gaussian bunches, Eqs. (7) and (8) can 
be combined, so as to unveil the dependence of the 




which can be compared with the corresponding Eq. (6). 
We find that, for the same total tune shift, the luminosity 
is identical provided that the length of the flat super-
bunch is chosen as 
zflatl σπ= . 
An important question is whether or why the luminosity 
for flat super-bunches can be higher than the luminosity 
for Gaussian colliding bunches. Comparing Eqs. (4) and 
(7), we observe that the expressions for the total tune 
shifts are the same in either case, except that the peak line 
density for a Gaussian beam is replaced by the uniform 
line density in the case of a flat super-bunch distribution. 
Increasing the length of the bunch and keeping the same 
constant line or peak density, respectively, the tune shift 
does not change, but the luminosity is enlarged for both 
distributions. For Gaussian bunches, this approach to 
luminosity optimization was discussed in [2]. A 
difference in luminosity between the two cases arises 
since, for a flat distribution, the beam density is constant 
and maximum over the full effective collision length, 
whereas, for Gaussian bunches, it decreases on either side 
of the central collision point. It is fortuitous that the 
additional particles present for the uniform distribution do 
not contribute to the beam-beam tune shift thanks to the 
aforementioned cancellation between two IPs. 
Choosing the uniform flat line density equal to the peak 
density of the Gaussian case, the number of particles per 
bunch is the same, if 
zl σπ2flat = , whereas the 
luminosity is the same for 
zl σπ=flat . Hence, for the 
same total number of particles and the same total tune 
shift the luminosity will be higher with the uniform bunch 
distribution. To show this more explicitly, we rewrite Eq. 









Comparison of Eqs. (10) and (11) 
demonstrates that, for the same bunch charge and the 
same beam-beam tune shift, the luminosity of a uniform 
(or ‘flat’) longitudinal distribution is exactly 2 times 
higher.  
Figures 3 and 4 compare Gaussian and flat longitudinal 
bunch profiles that either result in the same luminosity 






































































































































































































 Figure 3: Longitudinal profiles for Gaussian bunch and 
flat (super-) bunch, which correspond to the same beam-
beam tune shift and identical luminosity. The bunch 
charge for the flat distribution is 2 smaller. 
 
 
Figure 4: Longitudinal profiles for Gaussian bunch and 
flat (super-) bunch, which correspond to the same beam-
beam tune shift and identical bunch charge. The 
luminosity for the flat distribution is 2 larger. 
 
We emphasize that, as far as the luminosity is concerned 
and provided the bunches are sufficiently long, it is the 
flatness of the longitudinal distribution rather than the 
length, which allows for an increase in luminosity by 
about 40% as compared with the Gaussian case.  A flat 
distribution can be produced by a variety of means: 
1) accelerating and/or generating one or several 
long super-bunches using a barrier bucket rf 
system [1],   
2) introducing empty phase space in the centre of a 
coasting beam before bunching [8,9], 
3) recombining with an empty rf bucket [10,11], 
4) redistributing surfaces in phase space [10,11]. 
The first option is being pursued at the KEK PS, the latter 
three possibilities have been explored at the CERN PS 
booster. 
3 ALTERNATING CROSSING SCHEMES  
Figures 5 and 6 illustrate the collision schemes and the 
long-range forces incurring for trains of closely spaced 
short bunches in the vicinity of the primary IP and for 
super-bunches, respectively. The long-range force in the 
two cases is similar. The difference is that for a bunch 
train the force is sampled at several discrete locations of 
finite length, while in the case of super-bunches it is 
experienced continually. By colliding the beams in 
alternating planes at two interaction points, for example, 
horizontally at one IP and vertically at the other IP, the 
linear tune shifts induced by the long-range beam-beam 
force exactly cancel between the two IPs [12,13].  
In the case of a bunch train, the bunches at the head or 
end of a train experience a smaller number of long-range 
collisions, and, as a consequence, exhibit a different orbit 
and tune. These bunches are referred to as ‘PACMAN’ 
bunches [12,13], in allusion to the classical computer 
game, since their lifetime will likely be worse than for the 
nominal bunches. However, the opposite situation may 
also occur, and the lifetime of these non-nominal bunches 
might be longer. This latter phenomenon is frequently 
observed at the Fermilab Tevatron, where it is called the 
‘scallops’ effect [14]. In the case of a super-bunch 
confined by a barrier rf bucket, all particles are more or 
less equal and may experience PACMAN-like forces only 
during a fraction of a synchrotron period. For a barrier 




where η  denotes the slippage factor and δ the relative 
momentum deviation. The synchrotron tune is zero at 
small amplitudes.  
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Figure 5: Schematic of long-range collisions experienced 
by closely spaced short bunches on either side of the 
primary head-on interaction point. Bunches at the end of a 
bunch train do not encounter the full number of long-
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Figure 6: Schematic of a super-bunch collision, consisting 
of  ‘head-on’ and ‘long-range’ components. 
 
The compensation of the long-range beam-beam tune 
shifts occurs for every orientation of the crossing plane as 
long as it differs by 90o between two IPs. The LHC 
baseline scheme considers crossing in the horizontal and 
vertical plane for ease of operation. Earlier studies had 
indicated a potential advantage of colliding under 45o [16]. 
Such ‘inclined’ scheme is the option actually foreseen for 
the Tevatron Run-IIb [17] due to practical considerations 
of aperture and separation. Recent studies indicate a 
significant benefit of such a scheme, in particular a much 
reduced footprint in tune diagram [1,18], similar to results 
in [16].  
To gain further insight into the potential merits or 
disadvantages of inclined collisions, we have performed a 
series of simulations, considering not only the respective  
tune footprints, but also the strength of diffusion for 
various crossing schemes and conditions. The basic effect 
of the long-range beam-beam force is expected to be 
similar for the bunch train and for the super-bunches. We 
have simulated either case for the purpose of comparison. 
In the simulations, we have assumed the nominal and 
super-bunch LHC parameters of Table 1 (i.e., the far-left 
and far-right columns), except that the bunch population 
for the nominal Gaussian bunches was set to 1011, which 
is about 10% lower than listed in the table. 
The long-range collisions give rise to a strong diffusion at 
large amplitudes [19,20,21]. For the LHC, this occurs at 
amplitudes of about 6σ, which is 3.5σ smaller than the 
typical beam-beam separation at top energy [20,21]. This 
threshold aperture for rapid diffusion and particle loss is 
called the ‘diffusive aperture’ [19].  
We have simulated the diffusion due to long-range 
collisions by tracking particle trajectories, using a 
simplified weak-strong model described in [19,20]. 
Specifically, at different transverse amplitudes, groups of 
particles are launched on a circle in transverse phase 
space, with random initial betatron phases and identical 
values for the initial linear action variable (or amplitude). 
The motion of a group of particles is computed for 
typically 3x105 turns, during which time they are 
subjected to head-on and long-range collisions on either 
side of each of two IPs. The long-range collisions on one 
side of an IP are lumped into a single collision, separated 
by a phase advance of π from the head-on IP. The 
transformation through the arcs is described by a simple 
linear rotation. The phase-space is 4-dimensional (purely 
transverse), i.e., longitudinal motion is not included. For 
each starting amplitude, the simulation yields the average 
change in the variance of the action per turn, which is a 
measure of the diffusion in the action variable (or 
amplitude).  
 
Figure 7:  Simulated average increase in action variance 
per turn as a function of starting amplitude for x-y 
alternating crossing and inclined hybrid crossing, 
respectively, considering only the effect of long-range 
collisions at two interaction points, for (roughly) nominal 
LHC parameters with an IP beta function of β∗=0.5 m, 
rms beam divergence θ*
x,y =31.7 µrad, full crossing angle 
θ
c
=300 µrad, bunch population Nb=10
11





Figure 8:  Simulated average increase in action variance 
per turn as a function of starting amplitude for x-y 
alternating crossing and inclined hybrid crossing, 
respectively, considering the combined effect of long-
range and head-on collisions at two interaction points 
symmetrically placed around the circumference, for  
(roughly) nominal LHC parameters with an IP beta 
function of β∗=0.5 m, rms beam divergence θ*
x,y =31.7 
µrad, full crossing angle θ
c
=300 µrad,  bunch population 
Nb=10
11
, and working point Q
x
=63.31, Qy=59.32. 
The diffusion rates computed for the horizontal-vertical 
and the inclined crossing schemes are compared in Figs. 7 
and 8 for a Gaussian bunch train and the nominal LHC 
working point. The vertical scale is logarithmic, and the 
diffusive aperture is clearly visible at about 6σ. Note that 
a unit of 1 on the vertical axis means that the action 
spreads out to a value equal to the design beam emittance 
in one turn, i.e., it signifies very rapid diffusion and 
implies particle loss. The simulation in Fig. 7 considers 
only the long-range collisions, the one in Fig. 8 also 
includes the head-on collisions. The behavior at large 
amplitudes is dominated by the long-range effects. The 
two figures indicate that the diffusive aperture increases 
by about 0.5σ, if the beams are collided in the inclined  
‘hybrid’ planes. The increase  of 0.5σ corresponds to the 
step size of the simulation, and its value may depend on 
the working point in the tune diagram. 
Figure 9 presents simulated diffusion rates for super-
bunches colliding under two different angles, considering 
the same two crossing schemes. In this case, the diffusive 
aperture seems to be slightly larger for the conventional 
horizontal/vertical crossing. The figure also demonstrates 
that, for these parameters, in order to avoid large diffusion 
at small amplitudes, the crossing angle must be chosen 




Figure 9:  Simulated average increase in action variance 
per turn as a function of starting amplitude for x-y 
alternating crossing and inclined hybrid crossing, 
respectively, considering super-bunch collisions  in a 
hypothetical upgraded LHC with an IP beta function of 
β∗=0.25 m, rms beam divergence θ*
x,y =44.8 µrad, full 
crossing angle of either θ=426 µrad or θ=1 mrad, a proton 
line density λ=8.8x1011 m-1, total interaction length of 2 m, 
and the working point Q
x
=63.31, Qy=59.32; the numerical 
integration used 1000 steps per collision. 
 
 
In Section 2, we presented formulae for the total linear 
tune shift. The nonlinear tune shift with amplitude, or 
tune spread inside the bunch, can also be computed 
analytically. If the beam-beam tune shift parameter ξ is 
small, and far from low-order resonances, we may 
employ 1st order perturbation theory. For super-bunches, 
the beam-beam tune shift including its dependence on 
amplitude can then be derived from the beam-beam 



















Here the angular brackets indicate an average over the 
angle variables, l is the total length of the interaction 
region where the beams experience their mutual forces, 
s
max
 is the longitudinal position at which the beam-beam 
interaction of a test particle terminates (for a nominal 
particle s
max
=l/2, for a particle in the tail of the super-
bunch s
max
<l/2 – by symmetry, a particle in the head of the 
bunch suffers the same tune shift as one in the tail), ε is 
the geometric transverse emittance, θ the full crossing 
angle, and the azimuthal angle around the ring acts as 
time-like variable. A similar expression applies to 
bunched beams [6]. Tune footprints can be obtained by 
solving Eq. (13) numerically, as illustrated in Fig. 10. The 
large tune spread for a crossing angle of  400 µrad may be 
related to the large diffusion at small amplitudes in Fig. 9, 
for a similar crossing angle. 
Leaving perturbation theory, more precise footprints can 
be obtained from simulations. Our simulation is based on 
the same simplified weak-strong model as was used 
above for computing the action diffusion, except that here 
we track the particle trajectories for only 1000 turns. 
Figure 11 shows the tune footprints of Gaussian bunches, 
determined by a frequency-map analysis developed by 
Laskar [22,23], for amplitudes up to 10σ with long-range 
collisions only, at the nominal working point, comparing 
horizontal/vertical and inclined crossing. Over this range 
of initial amplitudes, the tune footprint for the inclined 
hybrid collisions is significantly smaller and more 
symmetric. Due to this fact and the orientation of the 
tune-shift the number of resonances crossed in the 
horizontal/vertical crossing scheme is much larger. Note 
finally that in this case, particles seem to be attracted by 









































































Figure 10: Tune footprints for super-bunch collisions at 
two interaction points with alternating crossing in the 
vertical and horizontal planes, considering two different 
crossing angles, namely θ=400 µrad (blue circles) and 
θ=1 mrad (red squares), and betatron amplitudes 
extending from 0 to 6σ [3]. Other parameters are 
λ=8.8x1011m-1 and β∗





Figure 11: Tune footprints for horizontal/vertical 
alternating (red) and inclined hybrid collisions (blue) 
obtained from the weak-strong beam-beam simulation by 
a frequency-map analysis [22,23]. Only the effect of long-
range collisions is considered, at two interaction points 
symmetrically placed around the circumference, for  
(roughly) nominal LHC parameters with an IP beta 
function of β∗=0.5 m, rms beam divergence θ*
x,y =31.7 
µrad, full crossing angle θ=300 µrad,  bunch population 
Nb=10
11




Figure 12 shows a similar result obtained for a different 
horizontal tune. Apart from the crossing of different 
resonances, the size of the footprints does not change and 
again the tune shift for the inclined crossing is smaller. 
Note as well that, due to the interaction of the third order 
resonance (1,2) with several high order ones, the tune 
space of the horizontal/vertical crossing is much more 
perturbed. Particles in the area of the resonance overlap 
are lost after a few hundred turns. 
Figure 13 illustrates that the tune footprint for the inclined 
collisions remains significantly smaller, when head-on 
collisions are also taken into account. However, there is a 
change in the direction of the tune shift with amplitude 
that occurs in the middle of the tune diagram, for both 
cases and at approximately the same amplitude. The 
consequences of this feature, reflecting the strong non-
linear dependence of the tune with the action variable (or 
amplitude), have yet to be understood in detail. 
In Fig. 14, the tune footprints generated by the long-range 
collisions at a single IP are compared for  horizontal and 
45o crossing. In the latter case, the tune at small 
amplitudes is unchanged, thanks to the local 
compensation of the tune shift between the two planes. 
For the horizontal crossing, the tune shifts in the 
vertically downward and horizontally upward direction, 
since the compensation of the linear tune shift with a 





Figure 12: Tune footprints for horizontal/vertical 
alternating (red) and inclined hybrid collisions (blue) 
obtained from the weak-strong beam-beam simulation by 
a frequency-map analysis [22,23]. Only the effect of long-
range collisions is considered, at two interaction points 
symmetrically placed around the circumference, for  
(roughly) nominal LHC parameters with an IP beta 
function of β∗=0.5 m, rms beam divergence θ*
x,y =31.7 
µrad, full crossing angle θ=300 µrad,  bunch population 
Nb=10
11






Figure 13: Tune footprints for horizontal/vertical 
alternating (red) and inclined hybrid collisions (blue) 
obtained from the weak-strong beam-beam simulation by 
a frequency-map analysis [22,23]. The combined effect of 
head-on and long-range collisions is considered, at two 
interaction points symmetrically placed around the 
circumference, for (roughly) nominal LHC parameters 
with an IP beta function of β∗=0.5 m, rms beam 
divergence θ*
x,y =31.7 µrad, full crossing angle θ=300 
µrad,  bunch population Nb=10
11







Figure 14: Tune footprints for horizontal/vertical 
alternating (red) and inclined hybrid collisions (blue) 
obtained from the weak-strong beam-beam simulation by 
a frequency-map analysis [22,23], considering long-range 




Figure 15: Tune footprints for horizontal/vertical 
alternating (red) and inclined hybrid collisions (blue) 
obtained from the weak-strong beam-beam simulation by 
a frequency-map analysis [18,19], considering long-range 
collisions of super-bunches at two IPs with a crossing 
angle θ=1 mrad and proton line density λ=8.8x1011m-1. 
 
 
Figure 16: Tune footprints for horizontal/vertical 
alternating (red) and inclined hybrid collisions (blue) 
obtained from the weak-strong beam-beam simulation by 
a frequency-map analysis [22,23], considering long-range 
collisions of super-bunches at two IPs with a crossing 
angle θ=426 µrad and proton line density λ=8.8x1011m-1. 
 
Figures 15 and 16 display analogous simulation results 
for super-bunches colliding with alternating crossing 
either in the horizontal and vertical planes, or in the two 
inclined planes at 45o and 135o.  In all cases, the inclined 
crossing results in a reduced tune footprint. However, we 
recall that, in Fig. 9, the diffusion for the inclined crossing 
did not appear superior. Hence, there is no direct 
correlation between the tune footprint and the magnitude 
of the diffusion, as has been remarked also by other 
authors for conventional collisions [24] 
 
  
Figure 17: Tune diffusion map for alternating 
horizontal/vertical collisions of Gaussian bunches 
obtained from the weak-strong beam-beam simulation by 
a frequency-map analysis [18,19]. The colour indicates 
the tune difference between the first and second set of 
1000 turns, on a logarithmic scale, from less than 10-7 
(gray) to greater than 10-2 (black). Only the effect of long-
range collisions is considered, at two interaction points 
symmetrically placed around the circumference, for  
roughly nominal LHC parameters with an IP beta function 
of β∗=0.5 m, rms beam divergence θ*
x,y =31.7 µrad, full 
crossing angle θ
c
=300 µrad,  bunch population Nb=10
11
, 





Using Laskar’s frequency map analysis [22,23], it is also 
possible to compute the tune variation as a function of 
starting amplitude. The magnitude of the tune change 
between, e.g., the first 1000 turns and the second 1000 
turns may serve as a further indicator of (in-)stability. 
Such tune diffusion maps as a function of starting 
amplitude are displayed in Figs. 17 and 18. The tune 
changes for the inclined hybrid crossing (Fig. 18) are 
smaller than those for the horizontal/vertical crossing 
(Fig. 17). This is consistent with the relative magnitude of 


















Figure 18: Tune diffusion map for alternating inclined 
hybrid collisions of Gaussian bunches obtained from the 
weak-strong beam-beam simulation by a frequency-map 
analysis [18,19]. The colour indicates the tune difference 
between the first and second set of 1000 turns, on a 
logarithmic scale, from less than 10-7 (gray) to greater 
than 10-2 (black). Only the effect of long-range collisions 
is considered, at two interaction points symmetrically 
placed around the circumference, for  roughly nominal 
LHC parameters with an IP beta function of β∗=0.5 m, 
rms beam divergence θ*
x,y =31.7 µrad, full crossing angle 
θ
c
=300 µrad,  bunch population Nb=10
11







One unresolved issue related to the inclined hybrid 
collisions concerns coupling. A beam that is displaced 
along the 45o direction in the transverse x-y plane acts in 
first approximation as a skew quadrupole. It does not 
introduce any tune shift, but linear betatron coupling 
instead. Figure 19 compares the transverse geometry of 
the two types of long-range collisions. For simplicity, we 
limit the following discussion to a beam-beam separation 
























Figure 19: Schematic view of long-range collisions with a 
horizontal offset (left) and with an inclined offset at 45o 
(right). In the left case, the other beam acts as a focusing 
quadrupole, in the right case as a skew quadrupole. 
 
 
For a horizontal offset, and considering proton-proton 















which represents a quadrupole of strength K=C/d2. Hence, 














where the factor (-1) applies for an inclination at 45o , and 
no such factor is present for 135o. Equations (19) describe 





An well-known measure of the strength of the linear 
coupling is the so-called closest tune approach, i.e., the 
closest separation of the tunes of the two coupled 
eigenmodes. According to classical 1st order perturbation 
theory this closest distance equals the strength of the 






denotes the (non-integrated) strength of the local
 
skew quadrupole field. Considering the skew coupling 
arising from the inclined hybrid long-range collisions at 
two IPs, and assuming that these collisions occur at a 
betatron phase advance of o90±  from the head-on 








sep denotes the beam-beam separation in units of  the rms 
beam size, npar the number of parasitic collisions around 
each IP, and ∆φ
x,y the phase advances between the first and 
second IP. For the nominal LHC parameters (Nb=1.1x1011, 
γε=3.75 µm, n
sep=9.5, npar=30) with inclined crossing, we 
find 005.0≈k . The coupling is zero if 
))(( πφφ yxyx QQ −−∆−∆  equals a multiple of 2π. This is 
fulfilled, for example, if we choose equal phase advances 
across each half ring. In the simulations for the inclined 
hybrid collisions presented above, the phase advances for 
the two half rings were always equal, and, hence, the 
difference resonance was not excited. Another approach, 
cancelling both the sum and the difference coupling 
resonances at the same time would be to select horizontal 
and vertical phase advances equal to multiples of 2π  for 
one of the two halves of the ring [25]. A potential 
drawback of this second scheme is that some of the 
nonlinear field errors as well as the deflections from  the 
head-on collisions would linearly add between the two 
IPs. Moreover, since the working point is far from the 
sum resonance, its compensation may not be necessary. In 
(22), we have assumed that the two inclined collisions 
occur at 45o and 135o. If both are at 45o, however, one of 
the two effective skew quadrupoles changes sign, and the 
phase advance difference across one half ring 





































































































4 ELECTRON CLOUD  
In the LHC an electron cloud is produced inside the 
vacuum chamber by a combination of synchrotron 
radiation, photoemission, and secondary emission, as 





Figure 20: Schematic of electron-cloud build up in the 
LHC beam pipe during multiple bunch passages, via 
photo-emission and secondary emission.  
 
Preliminary evidence for the importance of secondary 
emission, or beam-induced multipacting, comes from the 
CERN SPS, where with the LHC bunch pattern an 
abundant number of electrons has been observed [26], 
despite of the fact that photoemission is absent at SPS 
energies. In the SPS the electron cloud has manifested 
itself in a variety of ways, such as an increase in vacuum 
pressure, a degradation of certain beam diagnostics, and a 
reduced beam stability. The electron cloud has driven 
both single and coupled-bunch instabilities [27,28,29]. 
For the LHC, aside from the additional background at the 
experiments [30], the major concern is the heat load 
deposited by the electrons on the beam screen installed 
inside the superconducting magnets [31]. Electrons 
emitted from the wall with an initial energy of less than 
10 eV acquire a typical energy of 200 eV in the field of a 
passing bunch. Upon impact on the wall they transfer this 
energy to the beam screen. Only a limited cooling 
capacity is available to cope with this additional heat 
load. 
Figure 21 shows the simulated average LHC arc heat load 
and the available cooling capacity, as a function of the 
bunch population. The figure illustrates that the heat load 
from the electron cloud can be much larger than that due 
to primary synchrotron radiation, the latter being about 
0.2 W/m for the nominal LHC parameters. The two heat-
load curves refer to different values of the maximum 
secondary emission yield for perpendicular incidence, 
δ
max
, a critical parameter for the multipacting process. It is 
expected that surface conditioning due to electron 
bombardment from the electron cloud itself during the 
LHC commissioning will lower the maximum secondary 
emission yield δ
max
 to a value below 1.3,  paving the way 
towards the design intensity. This conditioning effect has 
recently been demonstrated in the SPS, where a final 
value δ
max 
of about 1.4 was reached after two weeks of  
continuous operation with LHC-type beam [32].  A value 
close to 1.1 is about the ultimate one might hope to 
achieve with a copper or stainless steel surface.
 
 
Figure 21: Simulated average LHC arc heat load and 
cooling capacity vs. bunch population Nb, for two values 
of δ
max
; the incident electron energy at the maximum is 
assumed to be ε
max
=262 eV, the photon reflectivity R=5% 
(indicating the fraction of photoelectrons which are 
emitted uniformly around the chamber azimuth as 
compared with those on the horizontally outward side), 
and the photoemission yield per absorbed photon Y=5%; 
the elastic reflection of low-energetic electrons on the 
chamber wall is included. Also shown is the available 
cooling capacity. It decreases with bunch population, 
since at higher current more cooling must be provided for 
primary synchrotron radiation and image-current heating.  
 
 
Figure 22: Simulated average LHC arc heat vs. bunch 
spacing, for the maximum secondary emission yield 
δ
max
=1.1 and two different bunch populations.  
 
Figure 22 demonstrates that, even for a secondary 
emission yield as low as δ
max
=1.1, the LHC arc heat load  
increases to unacceptable levels, if the bunch spacing is 
reduced below the nominal value of 25 ns.  This appears 
to preclude any luminosity upgrade based on increasing 
the number of bunches. It is interesting though, that for 
the shortest spacing of  2.5 ns the heat load shows signs of 
a decrease. Here, we are approaching the limit of a 
coasting beam or super-bunch. 
 
 
A uniform beam corresponds to a static electric potential. 
In such potential, electrons emitted from the wall are 
continuously accelerated towards the centre of the 
chamber by the electric field of the beam. On the other 
side of the centre their kinetic energy decreases again, by 
energy conservation. They impact on the chamber wall 
with exactly the same energy at which they were emitted. 
Thus, in the case of a static potential or a uniform beam, 
no net energy is transferred from the beam to the 
electrons. This situation is completely different from a 
beam consisting of separate short bunches, where the 
potential is time dependent, and the passing bunches 
impart sudden ‘kicks’ to the electrons.  The super-bunch 
mimics the static situation over most of its length. As 
illustrated in Fig. 23, only a small portion of electrons, 
emitted neat the super-bunch tail, can gain energy during 
their traversal through the beam. These electrons are 
responsible for the residual heat load. To keep the number 
of such electrons low and to avoid the so-called ‘trailing-
edge multipacting’ [33,34], it is important that the beam 
profile does not decrease near the end of the bunch. If the 
line density decreases as dλ/dt<0, the energy gain of an 
electron at radial position r(t) is roughly described by 
)/)(ln()2/()/(/ 02 btredtddtdE πελ−≈ . A flat uniform 
(δλ/dt=0) or slightly increasing profile (δλ/dt>0) followed 
by a sudden edge is ideal to avoid multipacting. 
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Figure 23: Schematic of electron motion during the 
passage of a super-bunch (after R. Macek and J. Wei 
[33,34]). The average energy gain depends on the beam 
profile. In case of a uniform bunch, electrons do not gain 
any net energy from the beam, except for those emitted 
near the bunch tail. 
 
In agreement with our preceding discussion, Fig. 24 
shows that the simulated heat load per proton decreases as 
the length of the bunch is increased, maintaining a 
constant line density. Figure 25 displays the simulated 
heat load per unit length in an LHC dipole as a function 
of the bunch length, when the overall luminosity is kept 
constant, so that the total number of bunches decreases 
inversely with their length.  
If the super-bunches are generated at top energy, the 
electron cloud could still occur during injection and 
acceleration. In this case it may be advantageous, to inject 





Figure 24: Simulated average energy deposition per 
proton vs. full bunch length for an LHC dipole, for a 
uniform beam profile with linearly rising and falling 
edges, each extending over 10% of the total length, and a  
central line density of λ=1012 m-1. 
 
Figure 25: Simulated heat load in an LHC arc dipole due 
to the electron cloud vs. super-bunch length for δ
max
=1.4, 
considering a constant flat-top proton line density of 
λ=8x1011 m-1 with 10% linearly falling and rising edges 
[35]. The number of bunches is being varied, so as to 
keep the total luminosity constant. 
 
Figures 24 and 25 clearly demonstrate the efficiency of 
long uniform bunches as a remedy against the electron-
cloud build up and heat load.   
However, for shorter bunches, an electron cloud may 
build up by multipacting regardless of whether the 
bunches have a uniform or Gaussian profile. In addition, a 
certain unavoidable number of electrons are always  
generated by synchrotron radiation and photoemission. 
Whatever their source, the residual electrons could still 
cause single-bunch instabilities. To shed some light on 
this possibility,  in simulations using the HEADTAIL 
code [36], we have compared the electron-driven 
instabilities experienced by a single bunch of uniform 
longitudinal profile kept in a barrier rf bucket with those 




To limit the computing time, the length of the bunches 
was kept relatively short, of the order of 0.3 m in total or 
75 mm rms. Simulations were performed for various 
electron densities and rms momentum spreads. The bunch 
population and the bunch length were taken to be the 
same for all cases. The total length of the uniform bunch, 
lflat, was chosen as 4 times the rms Gaussian bunch length 
σ
z





Figure 26: Simulated increase in normalized emittance as 
a function of time for a Gaussian bunch in the LHC, 
considering the two electron densities ρ
e
=5x1011 m-1 and  
1012 m-3, an rms momentum spread of δ
rms
=1.1x10-4, a 
bunch population  Νb=2.4x10
11
, an rms bunch length of 
σ
z







Figure 27: Simulated increase in normalized emittance as 
a function of time for a uniform (super-)bunch in the 
LHC, considering the electron densities ρ
e
=5x1011 m-1 and  





=5.5x10-4, a bunch population  Νb=2.4x10
11
, and a full 
bunch length of  lflat=0.3 m. The rf barrier was taken to be 
infinitely high.  
 
 
Figure 26 shows that the simulated emittance of a regular 
Gaussian bunch monotonically increases by up to about 
0.4% over 200 ms. In Fig. 27, the emittance growth of the 
uniform bunch is slightly smaller, of the order of 0.2%, 
again over 200 ms. In either case, the emittance blow up 
appears to grow more strongly than linearly with the 
electron density, while the momentum spread has a 
negligible effect. From this comparison, we conclude that, 
for comparable bunch length and equal electron density, 
the instabilities for a uniform bunch in a barrier bucket 
system lead to an emittance growth similar to that for a 
Gaussian bunch, even though for a uniform profile the 
electron oscillation frequency is constant along the bunch 
and the average synchrotron tune is much lower, 
approaching zero in the limit of vanishing momentum 
spread. Extrapolation to longer super-bunches is not 
straightforward. On the one hand, a long bunch implies a 
larger number of electron oscillations within the bunch, 
which will enhance the instability. On the other hand, as 
illustrated earlier, the electron-cloud build up is much 
reduced, which will weaken the instability. Finally, it 
should be mentioned that for any kind of bunch the long-
term evolution of the emittance, over a time scale of 
minutes or hours, is an unresolved question, which 
requires further studies.  
 
5 LONGITUDINAL DYNAMICS  
At LHC energies and beyond, synchrotron radiation by 
the protons is a noticeable effect.  The average energy loss 




For the LHC, using 2700≈ρ m, we have U0=6700 eV or 
a loss in relative momentum of  ∆δ≈  10-9 per turn. The 
average increase in the energy variance per turn due to 




or 560)( 22/12 ≈∆ cmpγδ eV. Both the average energy and 
the change in the variance per turn are small compared 
with the initial energy spread. The effect of the average 
energy loss may become important over time intervals 
larger than 105 turns, whereas the statistical component 
will affect the particle motion only on a time scale longer 
than a damping time. The synchrotron-radiation damping 











where the damping is related to the change in average 
energy loss with particle energy, and  we have considered 

































































proton mass), charge Z
  
(in units of the proton charge), and 
classical radius rA.  The damping becomes effective on a 
time scale of several hours. For example, we estimate 
26
,
≈δτ SR hr for the LHC, and 3.3, ≈δτ SR  hr for a future 
LHC upgrade, operating at 14-TeV centre-of-mass 
energy.  
 
We here recall that the LHC momentum compaction 
factor is α
c
=3.47x10-4, its circumference C=26.7 km, and 
the revolution period T0= 89 µs. Based on the foregoing 
discussion, when computing the energy change over a 
time span of several minutes, we only need to consider 
the average energy loss due to synchrotron radiation, but 
neither the damping nor the quantum excitation, and the 






The longitudinal motion of a particle with initial 
momentum deviation δ(0)=δ0>0 stops and reverses its 
direction,
 
when δ(t) reaches 0, which occurs after 




Figure 28: Simulated longitudinal profiles of a 1200-m 
long super-bunch in the LHC at various times after the 
super-bunch generation. The simulation by the 
HEADTAIL code includes the  barrier bucket dynamics 
and the average energy loss due to synchrotron radiation. 
The head of the bunch is on the right. 
 
Figure 28 illustrates simulated longitudinal profiles for a 
super-bunch in the LHC, launched with an initially 
uniform distribution and subjected to a barrier rf system 
and to the average energy loss from synchrotron radiation. 
After a transient period, the majority of particles 
accumulates near the head of the bunch. Given the length 
of the barrier bucket in this example, the energy loss per 
turn is too high for a typical particle to reach the opposite 
side of the bucket. For shorter super-bunches, the effect of 
the energy loss is less pronounced and the profile remains 
more uniform. 
6 INTRABEAM SCATTERING 
An important emittance-growth mechanism determining 
the performance of future proton colliders is intrabeam 
scattering [39].  There are two classical theories, 
developed by A. Piwinski [40,41] and by J.D. Bjorken 
and S.K. Mtingwa [42], respectively. The Bjorken-
Mtingwa algorithm is implemented in the MAD program. 
The intrabeam scattering rate for uniform super-bunch in 
a barrier bucket should be the same as that for a coasting 
beam of equal  charge line density and energy spread. The 
latter case has already been studied by Bjorken-Mtingwa. 
The only difference to the Gaussian bunched-beam case is 
that the Bjorken-Mtingwa coefficient Γ=Γ~ for a bunched 
beam, and 2/~ Γ=Γ  for an unbunched beam, where Γ 
refers to the beam phase-space volume. The difference 
arises from integrating the square of the longitudinal 
density ρ(s) over a uniform or Gaussian distribution, 
respectively. The relation between the IBS growth rates 






Thus, for equal bunch populations, Nflat=Ngaussian, and 
zl σπ2flat = , both the luminosity and the IBS growth rate 
for a uniform (super-) bunch are 2 times larger than for 
a Gaussian bunch, and for the same reason (see Fig. 29).   
 
Figure 29: Longitudinal profile of uniform bunch yielding 
a factor of 2 higher luminosity and IBS growth rate than 
the Gaussian bunch. 
 
If we reduce both the length and the bunch population by 
2 , the luminosity is the same as for the Gaussian bunch, 
but the IBS rate is still a factor 2 higher. This case is 
illustrated in Fig. 30. If we keep the original bunch length 
zl σπ2flat = and only decrease the bunch population by 
2 , both the luminosity and IBS growth rates are the 





























 Figure 30: Longitudinal profile of uniform bunch yielding 
equal luminosity as, and a factor 2 higher IBS rate than, 
the Gaussian bunch. 
 
 
Figure 31: Longitudinal profile of uniform bunch yielding 
the same luminosity and IBS rate as the Gaussian bunch. 
 
Absolute growth rates can be computed either using 
MAD, which computes the Bjorken-Mtingwa formulae, 
or K. Bane’s recent approximation for high energy [43]. 
For a uniform profile, we rewrite and further simplify the 














where (log) is the Coulomb logarithm, and H
x 
the 
dispersion invariant defined by M. Sands [37]. The 
approximation by K. Bane [43] to the Bjorken-Mtingwa 







In Eq. (29) we have replaced an average over products 
and square roots of quantities, quoted in [43], by the 
products and square roots of their averages around the 
ring. Inserting the LHC parameters <H
x










 m, E=7 
TeV, and the Coulomb logarithm (log)=24, we obtain the 
growth rates plotted as lines in Fig. 32. The symbols 
correspond to the exact computation by MAD. While the 
transverse growth rates are extremely well described by 
Eqs. (29) and (30), there is a discrepancy of up to 30% for 
the longitudinal plane. Closer inspection (for another 
proton storage ring, namely the Tevatron [44]) has shown 
that this discrepancy is due to the combined effect of the 
two approximations mentioned, namely rough averaging, 
and neglecting the terms depending on ζ.  
We note that, for increasing momentum spread, the 
growth times in Fig. 32 approach fairly large values, 
which may be a further advantage of the super-bunch 
scheme considered here (e.g., compare the momentum 
spreads for Gaussian and super-bunches in Table 1). 
 
Figure 32: Intrabeam scattering growth times for super-
bunches in the LHC as a function of the rms momentum 
spread, according to either the simplified formulae of Eqs. 
(29) and (30) [the lines] or the exact Bjorken-Mtingwa 
expressions properly averaged around the ring as 






















































































We have discussed various aspects of a future LHC 
upgrade based on bunches with uniform longitudinal 
profiles or long super-bunches. In particular, we have 
addressed beam-beam tune shifts, diffusion induced by 
long-range collisions, crossing schemes, electron-cloud 
heat load for super-bunches, electron-driven instabilities, 
longitudinal dynamics, and intrabeam scattering.  
The inclined hybrid crossing at 45o and 135o degree holds 
various promises, such as a local compensation of the 
long-range tune shift, instead of a cancellation between 
two IPs, and, hence, a reduced sensitivity to errors in the 
arcs, enhanced flexibility allowing independent variation 
of the crossing angles at the two IPs, an increased 
symmetry between the two IPs, e.g., as concerns 
background in the two experiments, a smaller tune 
footprint, and a potentially larger diffusive aperture. A 
drawback of this scheme is that it induces betatron 
coupling through the arcs, which might complicate  the 
operation. For PACMAN bunches this coupling cannot be 
fully corrected by skew quadrupoles, though an exact 
correction of the coupling resonance is possible by 
choosing proper phase advances between the two IPs.  
An important conclusion is that bunches with a uniform 
profile (either long super-bunches or ‘shorter’ hollow 
bunches whose total length still exceeds 10σ*/θ ) may 
yield a factor 2  higher luminosity than Gaussian 
bunches for the same total beam current and beam-beam 
tune shift. A variety of methods are at our disposal, e.g., 
in the CERN PS complex, for generating such bunches, 
and this might present a straightforward venue towards 
higher luminosity in the LHC.  
The intrabeam scattering growth rate increases by the 
same factor as the luminosity, unless the rms momentum 
spread is increased, which might happen naturally, when 
the super-bunches or hollow bunches are created. A 
further potential advantage of long super-bunches is the 
absence of PACMAN bunches, since all particles are 
contained within the same rf barrier. The consequences of 
the PACMAN-like effect experienced by individual 
particles during a small fraction of a synchrotron period 
requires further investigations. 
As an additional benefit, in the simulation long super-
bunches suppress the electron cloud build up and the 
associated heat load by two orders of magnitude. The 
longitudinal bunch profile must be carefully controlled to 
reach this suppression factor.  
The approximate IBS formula derived by K. Bane, 
modified by some further simplifications, agrees with the 
exact MAD calculation to within a factor of two over a 
large parameter range. The IBS growth time increases 
rapidly for larger momentum spread. Without accelerating 
rf system, the energy loss due to synchrotron radiation – 
or, similarly, longitudinal wake fields  - can deform the 
super-bunch, if the latter is too long. 
More studies would be needed to reliably predict the 
luminosity performance of super-bunches, to decide on 
the crossing scheme, and to optimize the choice of beam 
parameters.   
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